Abstract Accurate estimates of the probability of HIV transmission during various stages of infection are needed to inform epidemiological models. Very limited information is available about the probability of transmission during acute HIV infection. We conducted a secondary analysis of published data from the Rakai, Uganda seroconversion study. Mathematical and computer-based models were used to quantify the per-act and per-partnership transmission probabilities during acute and chronic HIV infection, and to estimate how many of the transmission events reported in the Rakai study were due to acute-phase HIV transmission. The average per-act transmission probability during acute infection equaled 0.03604 vs. 0.00084 for chronic HIV infection. Overall, HIV was transmitted during acute infection in 46.5% of 23 ''incident index partner couples.'' Acute-phase transmission accounted for 89.1% of all transmission events in the first 20 months of follow-up. These results highlight the substantial risk of transmission during acute HIV infection.
Introduction
HIV viral load is substantially elevated during the acutephase of HIV infection, which is the brief period of intense viral replication that begins shortly after viral acquisition and lasts until the viral load set point is established (Busch and Satten 1997; Kahn and Walker 1998) . Acutely infected persons may be much more likely to transmit HIV to sex partners than are persons in later stages of infection (Pilcher et al. 2004 ). Mathematical models of the explosive growth of HIV infection at the start of the U.S. epidemic suggest that HIV transmission during the acute-phase of infection could have played a significant role in fueling the initial epidemic among gay men in urban epicenters (Jacquez et al. 1994; Koopman et al. 1997) .
A recent study by Wawer et al. (2005) of HIV transmission within heterosexual couples in the Rakai district of Uganda provides empirical evidence of the greatly heightened risk of HIV transmission in the period just following HIV acquisition. In 10 of 23 initially uninfected couples included in this study, both partners seroconverted within the same 10-month follow-up period. Taking into account the frequency of intercourse within the 23 couples during the study period, Wawer et al. calculated a ''per-act transmission rate'' of 0.0082 for this ''early transmission'' group by dividing the total number of transmission events by the total number of sex acts reported by the 23 couples. A much smaller transmission rate was obtained for couples that were serodiscordant at enrollment.
Transmission rates provide valuable information about the relative likelihood of HIV transmission, but should not be confused with transmission probabilities. Although transmission rates are reasonable approximations to transmission probabilities when the true transmission probability is small and consequently the likelihood of transmission is essentially a linear function of the number of sex acts, they are much less accurate when the transmission probability is relatively high, as it is during the acute-phase of HIV infection.
Accurate estimates of per-act and per-partnership transmission probabilities are needed to inform mathematical models of HIV transmission during acute infection, and more generally, for use in infection-stage dependent models. Relatively few such estimates have been published to date. Leynaert et al. (1998) calculated on average per-act transmission probability of 0.0008 for male-to-female transmission during a 3-month period of ''primary'' infection, based on data collected in the European Study of Heterosexual Transmission of HIV. Utilizing empirical data from a small cohort of recently infected men and mathematical modeling techniques, Pilcher et al. (2004) estimated the median per-partnership risk of male-tofemale transmission during a 54-day period acute infection at between 0.016 and 0.062, with a peak per-act transmission probability of 0.0047. Rapatski et al. (2005) modeled male-to-male transmission in the early epidemic in San Francisco and derived an average per-act probability estimate of 0.024 for insertive anal intercourse during a 6-month period of primary infection. We are not aware of any acute (or primary) infection transmission probability estimates for sub-Saharan Africa.
The present study used mathematical and computerbased modeling techniques to generate transmission probability estimates suitable for use in HIV transmission modeling analyses based on the published Rakai data (Wawer et al. 2005) , including an estimate of the average probability of HIV transmission during the acute-phase of infection. We then used this probability value to estimate the proportion of the HIV transmission events in the Rakai cohort that were due to acute-phase HIV transmission. To support our conclusions, we demonstrate that the average per-act transmission probability during acute infection (a period during which viral load and infectiousness vary greatly) can be utilized in transmission models without substantial loss of accuracy. The implications of our findings for the potential role of acute-phase transmission in the Ugandan and U.S. epidemics are discussed.
Overview of Rakai Seroconversion Study
The HIV transmission data reported by Wawer et al. (1998 Wawer et al. ( , 1999 were derived from a large STD control intervention study that enrolled 15,127 adults from the Rakai district of Uganda. Study participants were followed at 10-month intervals for up to 40 months between 1994 and 1999. A retrospective analysis following completion of the trial identified 23 couples in which both partners were seronegative at baseline and at least one (the ''index partner'') seroconverted during the follow-up period. In 10 of these 23 ''incident index partner'' couples, both partners seroconverted in the same 10-month period (''early transmission couples''); in 2 of the remaining 13, the nonindex partner seroconverted in the 10-month period following the one in which the index partner seroconverted (''middle transmission couples''); and in 1 of the remaining 7 (some couples were lost to follow-up) the non-index partner seroconverted during the second or third period after the index partner seroconverted (''late transmission couples''). The Rakai study also included 161 ''prevalent index partner'' couples in which the index partner was already HIV-positive at baseline assessment.
At each 10-month follow-up assessment couples reported their average monthly frequency of intercourse, with no distinction between unprotected and condom-protected intercourse. Only 19.6% of study couples reported any condom use and no couple reported consistent condom use (Wawer et al. 2005) . Moreover, the per-act transmission rates did not differ significantly between couples that used condoms and those that did not. Still, the per-act transmission rates reported by Wawer et al. and the transmission probabilities calculated here likely underestimate the corresponding values for unprotected intercourse. Table 1 summarizes selected findings from the Rakai seroconversion study, including the per-act transmission rates for the ''early,'' ''middle,'' and ''late'' transmission groups (0.00819, 0.00152, and 0.00097, respectively). For each of these groups we calculated a corresponding per-act transmission probability, a, using the equation:
where N is the number of couples, N HIV is the number of transmission events during the 10-month follow-up period, and n is the average number of sex acts per couple during this period (see Table 1 ). The per-act transmission probabilities (0.01069 for ''early transmission couples,'' 0.00165 for ''middle transmission couples,'' and 0.00104 for ''late transmission couples'') were 30.5, 8.6, and 7.2% larger than the corresponding transmission rates. For the ''prevalent index partner'' cohort, the weightedaverage transmission rate equaled 0.00077 and the transmission probability equaled 0.00081 (data not shown).
Probability of Acute-phase HIV Transmission
The transmission probabilities calculated in the preceding section can be refined by carefully distinguishing between acute-phase HIV transmission and chronic-phase transmission. The potential impact of acute-phase transmission is evident not only in the ''early transmission'' group, but also in the ''middle transmission'' group, whose transmission probability (0.00165) is considerably higher than that of the ''prevalent index partner'' cohort (0.00081). The elevated probability for the ''middle transmission'' group is consistent with the possibility that some index partners acquired HIV late in the first follow-up period, and while acutely infected, transmitted the virus to their partners, who did not seroconvert until the next follow-up period (hence were counted as ''middle transmission'' couples); this is illustrated in Fig. 1 . We developed a computer-based model to calculate the expected number of infections (and the proportion of these infections that resulted from transmission, while the index partner was acutely infected) in each of the first two 10-month (300-day) follow-up periods, for any specified pairing of values for the chronic-stage transmission probability (a C ) and the average acute-phase transmission probability (a A ; the use of ''average'' acute-phase transmission probabilities is discussed below). We then fit the model to the Rakai data by determining the combination of values of a C and a A that minimized the error term:
where I 1 and I 2 are the predicted numbers of transmission events in the first and second follow-up periods, 10 and 2
are the corresponding number of transmission events observed in the Rakai study, and Abs(•) denotes the absolute value function. This error term gives equal weight to deviations from the expected number of transmission events in the first and second follow-up periods, and twice this weight to deviations in the total number of transmission events. The model assumed that the index partner acquired HIV on day H of the first 300-day transmission risk period (see Fig. 1 ), with all values between H = 0 and 299 considered equally likely. Following a ''latency'' period of L days, during which the index partner was assumed non-infectious, he or she entered the acute-stage of infection, which lasted A days (day H + L + A marked the beginning of the chronic-phase of infection). For each value of H between 0 and 299 the model calculated the number of transmission events in the first and second follow-up periods (I 1 (H) and I 2 (H), respectively) and then calculated the following averages, again assuming that each value of H was equally likely: I 1 ¼ RI 1 ðHÞ=300 and I 2 ¼ RI 2 ðHÞ=300: These average values were used to determine the overall error in the fit of the model to the Rakai data, as described above.
To determine I 1 (H) and I 2 (H), the number of transmission events that occurred on any given day, from day H + L (the first day of infectiousness) to day 599 (the last day of the second transmission risk period), was calculated by multiplying together: (a) the number of couples in which the non-index partner was susceptible; (b) the daily sex act frequency, p sex , for the corresponding 10-month (300-day) period (p sex = 0.35 for the first period and 0.34 for the second; see Table 1 ); and (c) the appropriate per-act transmission probability (a A or a C , depending on whether the index partner was acutely or chronically infected). Thus, on day T, p sex Ã NðTÞ couples engaged in intercourse, resulting in a Ã p sex Ã NðTÞ transmission events (here, N(T) , where N is the number of couples, N HIV is the number of transmission events, and n is the average number of sex acts per couple. See footnote c c For the ''early transmission'' group, Wawer et al. (2005) assumed that the index partner seroconverted midway through the 10-month period between his or her last negative HIV antibody test and his or her first positive test. Consequently, both the per-act transmission rate and the corresponding per-act transmission probability were calculated using one-half of the total number of sex acts in the first 10-month follow-up period Fig. 1 ''Early'' and ''middle'' transmission groups. Both partners were HIV-negative at month 0 and the index partner tested HIVpositive at month 10. In 10 of 23 couples, the non-index partner also tested positive at month 10 (''early transmission couples'') and in 2 of the remaining 13, the non-infected partner tested positive at month 20 (''middle transmission couples''). Each seroconversion period corresponds to a transmission risk period that began S days prior, where S is the number of days between HIV acquisition and seroconversion. Notice that transmission events that occurred within the overlap of seroconversion period 1 and transmission risk period 2 would be recorded as seroconversion events in period 2. Some of these transmission events could be due to acute-phase HIV transmission is the number of susceptible couples at the beginning of day T). Conceptually, the number of sex acts per couple in each period followed a binomial distribution with mean equal to D Ã p sex and variance D Ã p sex Ã ð1 À p sex Þ; where D is the number of days of infectiousness ðD ¼ 300 À ðH þ LÞÞ for the first period and D = 300 for the second period). Notably, the model did not assume that the number of sex acts was the same for all couples, only that the mean number of sex acts per couple matched the Rakai data.
In the base-case analysis, the duration of the noninfectious ''latency'' period was estimated at L = 9 days and the duration of the acute-phase of infection at A = 49 days; these values are consistent with published estimates (Busch and Satten 1997; Kahn and Walker 1998; Lindbäck et al. 2000; Pilcher et al. 2004) . Additional values of L and A were examined in the sensitivity analyses.
For the base-case values of L and A, the best fit to the Rakai data was obtained when a C = 0.00084 and a A = 0.03604. With these per-act transmission probability values, 10 transmission events would be expected in the first follow-up period and 2 would be expected in the second follow-up period, matching the Rakai findings. Of the 12 transmission events in the ''early'' and ''middle'' groups, 10.7 (89.1%) were due to acute-phase transmission, including 96.5% of the 10 transmission events in the ''early'' group and 52.3% of the 2 transmission events in the ''middle'' group. Overall, HIV was transmitted during acute infection in 46.5% of the 23 ''incident index partner'' couples.
The duration of the non-infectious latency period (L) and the acute-phase of infection (A) were independently varied from L = 4 to 14 days and from A = 42 to 56 days in the sensitivity analyses (Busch and Satten 1997; Kahn and Walker 1998; Lindbäck et al. 2000; Pilcher et al. 2004) . Table 2 summarizes the results of these analyses. For each combination of L and A values, the expected numbers of transmission events equaled 10 in the first follow-up period and 2 in the second period. Although the best-fitting per-act acute-phase transmission probability varied considerably, from a A = 0.03118 to 0.04260, both the per-partner transmission probability (equivalently, the proportion of ''incident index partner'' couples in which acute-phase transmission occurred) and the percentage of transmission events due to acute-phase transmission were quite stable. HIV was transmitted during acute infection in 44.4-48.7% of couples, and acute-phase transmission accounted for 85.2-93.2% of incident infections in the ''early'' and ''middle'' transmission groups. These results differed by less than 5% from the corresponding base-case results.
Bernoullian HIV Transmission Models
As discussed previously, the computer-based model of the Rakai cohort implicitly assumed a binomial distribution for the number of sex acts per couple. The transmission probabilities derived from this model are appropriate for a Number and percentage of transmission events in first or second follow-up period that occurred while the index partner was acutely infected.
(The total number of chronic-and acute-transmission events equaled 12, including 10 in the first follow-up period and 2 in the second.) b Per-partnership risk of HIV transmission during acute infection, b A . This value also indicates the proportion of ''incident index partner'' couples in which HIV was transmitted to the non-index partner while the index partner was acutely infected c Per-act transmission probability estimate assuming all couples engaged in the same number of sex acts (Bernoullian estimate):
, where b A = per-partnership risk of transmission during acute HIV infection and n is the average number of sex acts during acute infection d Base-case results use in stochastic simulation models that likewise assume a binomial distribution for sex acts (e.g., Gray et al. 2007; Orroth et al. 2006; Robinson et al. 1999 ). Bernoullian and some other deterministic models, in contrast, typically assume that the number of sex acts is equal for all couples (Pinkerton et al. 1998 ). We derived acute-phase transmission probability estimates suitable for use in such models by translating each ''binomially distributed sex acts'' estimate, a A , into an equivalent ''equal number of sex acts'' estimate, a A *, using the equation:
where b A is the per-partnership probability of transmission during acute infection and n is the average number of sex acts during acute infection. In the Rakai cohort, each index partner engaged in an average of 17.25 sex acts while acutely infected (this estimate assumes a latency period of 9 days and a 49-day duration of acute infection) and the per-partnership transmission probability was b A = 0.46505. The above equation yields an ''equal number of sex acts'' per-act transmission probability of a A * = 0.03562 that corresponds to the base-case ''binomially distributed sex acts'' estimate, a A = 0.03604. Table 2 presents ''equal number of sex acts'' transmission probability estimates for various values of the latency and acute-phase duration parameters.
Variable Acute-phase HIV Transmission Probabilities
The preceding analyses utilized a constant, average per-act transmission probability during acute HIV infection. In actuality, the per-act transmission probability likely follows a time course similar to that exhibited by viral load levels in recently infected persons, with a brief period of rapid increase up to a peak level, followed by a somewhat slower descent to the set-point level (Lindbäck et al. 2000; Pilcher et al. 2004) . A greatly simplified schematic illustration of this time course is presented in Fig. 2 . In light of the substantial variability in the per-act transmission probability over the course of acute infection, one may question whether it is reasonable to use average per-act transmission probabilities, such as those calculated above, in models of acute-phase HIV transmission. We conducted a simulation study of the per-partnership risk of HIV transmission during acute infection to address this question. Let a(d) denote the per-act transmission probability on day d of the acute-phase of infection. The overall risk of HIV transmission to a particular partner during acute HIV infection is c ¼ 1 À ð1 À aðd 1 ÞÞ ð1 À aðd 2 ÞÞ. . .ð1 À aðd n ÞÞ, where n is the total number of unprotected sex acts during the acute-phase of infection and a(d k ) denotes the per-act transmission probability associated with the kth sex act, which occurs on day d k .
This per-partnership transmission risk value can be approximated by c
ÞÞ=n is the corresponding average per-act transmission probability. It can be shown analytically that the average per-act transmission probability-based approximation underestimates the true perpartnership transmission risk (i.e., c A B c; see appendix). However, the error in this approximation, which equals (c -c A ) / c, generally is quite small.
To illustrate this, we conducted a computer simulation that used the per-act transmission probability function shown in Fig. 2 to estimate the per-partnership risk of HIV transmission for n = 17 sex acts spaced randomly throughout a 49-day period of acute infection. The per-act transmission model (Fig. 2 ) was parameterized such that the average per-act transmission probability equaled 0.03604. On each simulation run, the average per-act transmission probability, a avg ¼ ðaðd 1 Þ þ aðd 2 Þ þ Á Á Á þ aðd 17 ÞÞ=n; and the per-partnership risk, c ¼ 1 À ð1 À aðd 1 ÞÞ ð1 À aðd 2 ÞÞ. . .ð1 À aðd 17 ÞÞ; were calculated. The simulation was run until the mean of the per-act transmission probabilities across runs was within 0.000001 of the target value, 0.03604 (this required 461 runs). The mean value of c over the 461 simulation runs was 0.4643, whereas the average transmission probability-based estimate, c A ¼ 1 À ð1 À 0:03604Þ 17 , equaled 0.4642. The relative error in approximating c by c A was less than 0.02%. Thus, although the per-act transmission probability varies greatly during acute infection, the overall risk of transmission can be estimated by c A ¼ 1 À ð1 À a A Þ n with acceptable accuracy.
Per-act transmission probability Fig. 2 Schematic illustration of variability in the per-act transmission probability during the course of acute HIV infection, which begins on day 0 and ends just prior to day A, which marks the beginning of the chronic-phase of infection. The probability of HIV transmission peaks on day P. The peak per-act HIV transmission probability is denoted a P , whereas a C represents the chronic-phase transmission probability. For the simulation model described in the text, A = 49, P = 14, a C = 0.00084, and a P = 0.07148 AIDS Behav (2008) 12:677-684 681
Discussion
Accurate transmission probability estimates are critical for ensuring the validity of HIV transmission modeling studies that utilize these estimates. The present analyses demonstrate that the per-act transmission rates reported by Wawer et al. (2005) underestimate the corresponding transmission probabilities during early infection by as much as 30%. At least two recent modeling studies have mistakenly utilized Wawer et al.'s transmission rate estimates in place of true transmission probabilities (Gray et al. 2007; Pearson et al. 2007) . Distinguishing between acute and chronic HIV infection allowed us to precisely calculate the average per-act transmission probability during acute infection, which was approximately 43 times larger than the transmission probability during chronic infection (0.03604 vs. 0.00084, respectively). Based on this estimate of the acute-phase transmission probability, we determined that acute-phase HIV transmission accounted for 89.1% of the 12 incident infections observed in Rakai's ''early'' and ''middle transmission'' groups, and that HIV was transmitted during acute infection in 46.5% of Rakai's 23 ''incident index partner'' couples.
Importantly, this finding does not imply that 40-50% of all incident infections in Uganda are due to acute-phase transmission, as some commentators have inferred (Association of State and Territorial Health Officials 2006; Pettifor et al. 2006 ). This interpretation initially appears plausible: If transmission eventually occurred in 100% of the ''incident index partner'' couples, 40-50% of these infections would be due to acute-phase transmission; an even larger percentage of incident infections would be attributable to acute-phase transmission if transmission eventually occurred in less than 100% of these couples. However, the proportion of infections due to acute-phase transmission depends not only on the number of infections transmitted by acutely infected persons but also on the number transmitted by chronically infected persons, and on partnership formation and dissolution patterns, including partnership concurrency Wawer et al. 2006) . In an advanced epidemic chronically infected persons vastly outnumber acutely infected persons and therefore account for a much larger proportion of incident infections than is suggested by the relative transmission rates for acutely infected and chronically infected individuals Pinkerton 2007) .
For example, in the U.S., the number of persons living with chronic HIV infection exceeds the number of acutely infected persons by a factor of about 150 on any given day. In a recent article, Pinkerton (2007) estimated that approximately 8.6% of the 32,000 sexually transmitted HIV infections acquired each year in the U.S. are due to acute-phase transmission. Similarly, Xiridou et al. (2004) estimated that 11% of incident HIV infections among gay men in Amsterdam could be attributed to acute-phase HIV transmission. An unpublished mathematical modeling analysis based on Wawer et al.'s data suggests that although infectiousness is greatly increased during acute infection, in an established epidemic ''only'' 11% of incident infections are transmitted during the acute-phase of infection (Hollingsworth et al. 2006) . These estimates of the proportion of incident infections that are due to acute-phase transmission are best regarded as tentative in light of the considerable uncertainty that remains with regard to acute-phase HIV transmission dynamics (Pinkerton 2007) .
Biological differences in the strains of HIV prevalent in Uganda and the U.S., as well as the higher prevalence of ulcerative STIs in Uganda and other HIV transmission co-factors, likely contribute to greater infectiousness during acute infection in Uganda as compared to the U.S. (Cohen and Pilcher 2005; Pilcher et al. 2004; Wawer et al. 2006) . To assess the risk of HIV transmission during the acute-phase of infection in the U.S., Pilcher et al. (2004) combined empirical data from a viral load study of recently infected men with a mathematical model of the relationship between plasma viral load and male-tofemale sexual transmission. Their results suggest that between 1.6 and 6.2% of the female partners of acutely infected men would acquire the virus, assuming that the couple engaged in 4-16 acts of sex per month, respectively, during a 54-day period of acute infection. The contrast between these findings and the estimated 46.5% rate for the Rakai cohort is striking. Pilcher et al.'s data imply an average per-act transmission probability of approximately 0.0020 during acute infection for U.S. couples versus an estimated 0.03604 transmission probability for the Rakai cohort. The corresponding transmission probabilities during chronic infection are 0.00055 (Pilcher et al. 2004 ) and 0.00084 (derived from Wawer et al.'s (2005) data). Thus, the estimated per-act transmission probability for chronic infection is approximately 1.5 times greater in Uganda than in the U.S., whereas the transmission probability for acute infection is about 18 times larger. These findings suggest that substantively different HIV transmission dynamics prevail in Uganda and the U.S.
Limitations of the present analysis include reliance on a published summary of the Rakai data (Wawer et al. 2005) and the very small number (n = 23) of ''incident index partner'' couples included in this analysis. Because we did not have access to primary data on the correspondence between the numbers of acts reported by each couple and whether or not transmission occurred, we could not use maximum likelihood estimation techniques (Brookmeyer and Gail 1994; Jewell and Shiboski 1990) to estimate average per-act transmission probabilities. Instead, we utilized a computer-based model in which the number of sex acts per couple was binomially distributed to simulate the effect of variability in the number of sex acts. We also calculated corresponding per-act transmission probabilities under the assumption that each couple engaged in the same number of sex acts.
An additional limitation concerns uncertainty in the duration of the non-infectious latency period following HIV acquisition and the length of the acute-phase of infection. In the sensitivity analyses, the average acutephase transmission probability ranged from 0.03118 to 0.04260 when the duration of the latency period and the length of the acute-phase of infection, respectively, varied from 4 to 14 days and from 42 to 56 days. However, all of the acute-and chronic-phase transmission probability pairs listed in Table 2 fit the Rakai cohort data with minimal error and generated per-partnership risk estimates within 5% of the base-case value. The choice of which pair is most appropriate for use in a particular modeling study depends on the corresponding assumptions regarding the duration of the latency and acute infection periods.
Finally, because the probability of transmission varies greatly during acute infection, one may question the validity of using average acute-phase transmission probabilities in mathematical models of HIV transmission. Although not definitive, we presented illustrative results that suggest that relatively little error is introduced into per-partnership risk estimates through the use of average acute-phase per-act transmission probabilities. This finding suggests that average acute-phase transmission probabilities can be used in epidemiological models without substantial loss of accuracy, obviating the need for complex computer simulations based on uncertain assumptions about temporal variations in the probability of transmission during the course of acute infection.
Very limited information presently is available about the risk of acute-phase HIV transmission. The transmission probabilities calculated here should prove useful in subsequent modeling studies, despite the limitations acknowledged above. Additional research is needed to more accurately estimate the likelihood of transmission during the acute-phase of HIV infection and the epidemiological impact of acute-phase transmission.
